Oxygen inhibition has been proved capable of reducing the separation force and enabling successful prints in constrained surface vat photopolymerization (CSVP) based threedimensional (3D) printing processes. It has also been demonstrated as a key factor that determines the feasibility of the newly developed CSVP-based continuous 3D printing systems, such as the continuous liquid interface production. Despite its well-known importance, it is still largely unknown regarding how to control and enhance the oxygen inhibition in CSVP. To close this knowledge gap, this paper investigates the constrained surface design, which allows for continuous and sufficient air permeation to enhance the oxygen inhibition in CSVP systems. In this paper, a novel constrained surface with airdiffusion-channel is proposed. The influences of the air-diffusion-channel design parameters on the robustness of the constrained surface, the light transmission rate, and light intensity uniformity are studied. The thickness of the oxygen inhibition layer associated with the proposed constrained surface is studied analytically and experimentally. Experimental results show that the proposed air-diffusion-channel design is effective in maintaining and enhancing the oxygen-inhibition effect, and thus can increase the solid cross section size of printable parts.
Introduction
Additive manufacturing, also known as three-dimensional (3D) printing or direct digital manufacturing, is a class of technologies that fabricate a three-dimensional physical model directly from its digital design, by accumulating materials, usually in a layer-bylayer way. A number of additive manufacturing techniques have been developed for processing metal [1] [2] [3] [4] , polymer [5] [6] [7] , ceramic [8] , bio-materials [9] , and even multiple materials [10, 11] , for a wide range of applications. Recently, constrained surface-based stereolithography (SL), is gaining wide attention and has been widely applied in many fields, including medical device, aerospace, education, and consumer product fields [5] [6] [7] [8] . In constrained surface SL, a thin layer of liquid photopolymer is constrained between the platform or part and the constrained window. The ultraviolet (UV) light penetrates the transparent constrained surface and cures the liquid polymer. Currently, the two most widely used classes of constrained surfaces are: (1) glass or acrylic plate coated with polydimethylsiloxane (PDMS) [8, [12] [13] [14] [15] [16] [17] [18] and (2) air permeable film that is clamped and tensioned, due to the relatively low cost, ease of fabrication, good oxygen permeability, and excellent optical transparency. The oxygen permeability of constrained surface is critical to the reliability and robustness of the system, and the printable geometries [19] . Research studies have demonstrated that the oxygen inhibition effect is beneficial to both conventional layer-by-layer SL and newly reported continuous SL processes. For conventional layerby-layer SL process, the separation of a newly cured layer from the constrained surface is a well-known technical barrier that greatly limits the printable size, process reliability, and print speed. In Ref. [20] , it is found that the oxygen permeability of PDMS is strongly correlated to the separation mechanism in the manufacturing process. Higher oxygen level in the vicinity of the PDMS surface would facilitate the separation process and thus avoid damage to the printed layers or damage to the constrained surface. In Ref. [21] , the oxygen permeability of the tensioned film plays a significant role in determining the feasibility of layerless SL process. The principle for this oxygen inhibition phenomenon has been elaborated by the work in Ref. [22] . It is found that the oxygen can inhibit free radical photopolymerization reactions by reacting with radical species in photopolymers, which form the oxygen inhibited layer. This reaction results in an uncross-linked "lubrication layer" close to the constrained surface, which assists the separation of newly cured layer from the constrained surface in conventional SL and also enables the continuous SL. Thus, controlling the oxygen level above the constrained surface is critical.
Various methods have been implemented to modify the oxygen level above the constrained surface in SL systems, such as using highly air permeable teflon film [21] , or adding an external oxygen supplying system to the PDMS film [23] . The effect of PDMS composition on its permeation properties to air has also been investigated [24] . It is found that, by increasing the base polymer mixing ratio, the air permeability can be increased by up to 300% of the permeability of the PDMS surface made by the standard 10 base polymer: one curing agent weight ratio composition. Surface modification methods for modifying the oxygen permeability of PDMS films have been reviewed in Ref. [25] . However, with all those methods, oxygen supply offered by PDMS-based constrained surface is still limited. Although it has shown that constrained surfaces based on the highly permeable Teflon AF 2400 can supply sufficient oxygen and hence a thick oxygen inhibition layer, this kind of constrained surfaces has other problems such as tensioning challenge, and creases of the film. To summarize, despite recent advances on materials and hardware design, it is an important challenge to achieve controllable oxygen level in constrained surface vat photopolymerization (CSVP), limiting the manufacturing process stability, robustness, and printing volume of the related 3D printing technologies. This paper investigates a novel PDMS-based constrained surface design, in which air-diffusion-channel is introduced for continuous oxygen supply. Section 2 presents the design in detail. Effects of design parameters on constrained surface strength, light transmission rate, and uniformity are studied in Secs. 3 and 4. In Sec. 5, effects of the air-diffusion-channel design parameters on the oxygen inhibition layer thickness are modeled and experimentally measured. Section 6 performs experiments and validates the effectiveness of the proposed constrained surface for fabricating objects with wide solid cross sections in vat photopolymerization apparatus, through comparing the fabrication results with conventional constrained surface.
A Novel Polydimethylsiloxane Constrained Window With Air-Diffusion-Channel Design
In our previous study on constrained surface SL process, we found that as the printing process proceeds, the oxygen inhibition layer gets thinner due to the oxygen consumption in printing, leading to increasing separation force and hence failures in the printing process. It is also found that a porous substrate with PDMS coating is possible to address this challenge by providing direct contact of the air and PDMS and thus supplying the oxygen continuously. Preliminary study has proved the feasibility of using the porous transparent substrate coated with PDMS film as the constrained surface in SL [20] . Hence, this paper will further investigate how to design such porous PDMS-coated constrained surfaces, and how the various design parameters will affect the performance of the constrained surface in SL process.
To enhance the oxygen permeability and the mechanical strength of the constrained window, microscale holes are made through the transparent substrate, serving as microscale air channels, and then with a layer of PDMS is coated on the porous transparent substrate. As illustrated in Fig. 1 , three types of airdiffusion-channel structures can be fabricated, with design parameters including the top opening diameter D T and the bottom opening diameter D B of the air channels, the depth h of the air channels, the period along X direction W x , and along Y direction W y . In the first air-channel structure design, the air channels are straight through holes, with equal D 1T and D 1B . Structure 2 is an inverted cone design, with D 2T larger than D 2B , while structure 3 is a circular truncated cone design, in which D 3T is smaller than D 3B . In our study, laser machining is used to fabricate the air channels. In order to understand the effects of through-hole geometry, this investigation focuses on the latter two designs.
Optically clear acrylic plates with air-diffusion-channel were prepared using a 100 W X2-600 CO 2 laser machine from Universal Laser Systems (Scottsdale, AZ). Figure 2(a) shows the microscopic side views of some prepared air-diffusion-channel samples.
A 48 W CO 2 laser with a scanning speed of 8.7 mm/s was used to machine the micropores in a 4.5 mm thick acrylic sheet. The laser machining process generated holes with larger openings on the top and smaller openings on the bottom, due to the nonuniform energy distribution along the laser beam direction. With a spot size of 0.13 mm, by adjusting the scanning speed, the laser can fabricate holes through the acrylic plate, with top opening diameters ranging from 0.2 mm to 1.4 mm and bottom opening diameters ranging from 0.07 mm to 1.3 mm. To prepare a constrained window with the air-diffusion-channel structure 2, a layer of PDMS film was coated on the machined acrylic plate surface with a larger through hole openings. To prepare a constrained window with the air-diffusion-channel structure 3, the machined acrylic plate was turned over and a layer of PDMS film was coated on the side with smaller through hole openings.
The PDMS coating was made by mixing the base polymer with curing agent with a 10:1 weight ratio. The PDMS-coated acrylic plate was then used as the bottom surface of the liquid resin vat and a constrained surface in the CSVP processes. Figure 2 (b) shows the top view of a microscale-air-channel acrylic plate sample coated with PDMS. A prepared resin vat with such an air-diffusion-channel-based constrained window is shown in Fig. 2(c) . The air-diffusion-channel on the acrylic substrate, combined with the good oxygen permeability of PDMS expedited the diffusion of oxygen to the liquid resin and enhanced the oxygen inhibition effect during the printing process.
As introduced in Sec. 1, the constrained surface in vat photopolymerization-based 3D printing systems needs to meet three requirements: (1) optically clear, so that the light can penetrate it and cure the liquid resin, (2) oxygen permeable, so that an oxygen inhibition layer can be formed and the newly cured resin could separate from the constrained surface and stick to the previously cured resin, and (3) mechanically strong, so that it could withstand various forces, especially the force-induced during the procedure that the newly cured layer is separated from it. Common failures of current constrained windows include: (1) tensioning failure or creases for constrained windows made by tensioned Teflon films; (2) broken coating or separation of coating from the substrate, for constrained windows made by PDMS-coated plates; (3) insufficient or unstable oxygen permeation. To investigate how the proposed novel constrained window design can address the above challenges, Secs. 3-5 analyze the effects of various design parameters on the mechanical strength, the light transmission and uniformity, and the oxygen permeation rate of the constrained surface. Both theoretical analysis and experimental study have been performed.
Effect of Air-Diffusion-Channel Design Parameters on Mechanical Strength
To avoid the common failures of broken or separated PDMS coating, the mechanical strength, especially the bonding strength, between the PDMS coating and the substrate with air-diffusionchannel needs to be assessed. Influences of air-diffusion-channel design parameters on the bonding strength are analyzed and tested in this section.
Compared with the conventional PDMS constrained surface, the proposed three designs of air-diffusion-channel structures, illustrated by structures 1, 2, and 3 in Fig. 1 , make better use of the Van der Waals force and increase the contact area between PDMS coating and the acrylic substrate surface [26] [27] [28] . Besides, the cone channel design (structure 3) further increases the mechanical adhesion between the PDMS and the substrate. Accordingly, the bonding force between the PDMS coating and the acrylic plate substrate with the air-diffusion-channel designs can be expressed as following:
where the F Van der Waals is assumed to be proportional to the contact area between the PDMS and acrylic substrate, and F Mechanical Lock only exists for the design structure 3. Thus, the bonding force for designs 2 and 3 can be expressed in the following equations, respectively
where R and r are the radiuses of the openings at the two ends of the air-diffusion-channels. As illustrated in Fig. 1 ,
, N is the number of air channels, and c is a constant. Thus, (4), it can be seen that the bonding force for design 3 is larger than that of design 2. To verify it, acrylic substrates with air-diffusion-channel structure 2 and acrylic substrates with air-diffusion-channel structure 3 are prepared. The acrylic substrate is a 40 mm diameter round plate with a thickness of 4.5 mm. The diameter of the prepared air-diffusion-channel is D 2T ¼ D 3B ¼ 0.8 mm. A PDMS film with a thickness of 2 mm is coated on the acrylic substrate, and a PDMS cube is made on the coating center for the top gripping in the mechanical strength test. The acrylic substrate bottom surface is bonded to an acrylic handle for the bottom gripping in the mechanical strength test. The mechanical test setup is shown in Fig. 3 .
Constrained windows with different air-diffusion-channel designs and PDMS coating were prepared and tested using universal testing machine from INSTRON (Norwood, MA). The maximum pulling force that was applied before separating the PDMS coating from the acrylic substrate was measured. As shown in Fig.  4 , the measured maximum pulling force before breaking the bonding between PDMS and acrylic substrate are 19.82 N, 35.61 N, and 64.07 N, for the PDMS-coated constrained window with no air channel in the acrylic substrate, and with air channel designs 2 and 3 in acrylic substrates, respectively. The experimental results reveal that the air-diffusion-channel structure design 3 is superior in terms of the bonding strength. It can address the PDMS coating separation issue much more effectively than the existing PDMScoated constrained surface design and the proposed constrained surface design with air-diffusion-channel structure design 2.
Effect of Air-Diffusion-Channel on Light Transmission and Uniformity
Light transmission of the constrained surface is crucial to vat photopolymerization process [29] . To investigate the effects of Fig. 2 (a) Microscopic images of the side view of the prepared air-diffusion-channel samples. Scale bar: 1 mm; (b) top view of a air-diffusion-channel sample coated with PDMS. Scale bar: 5 mm; (c) a prepared liquid vat with air-diffusion-channel-based constrained surface on the bottom. Scale bar: 1 in. Fig. 3 (a) Illustration of the bonding force test setup, (b) experimental setup for bonding force testing before the test, and (c) photo of the bonding force testing setup when the PDMS coating was separated from the bottom substrate the air-diffusion-channel on the light transmission performance of the constrained surface, the transmitted optical power is measured for the air-diffusion-channel based constrained window designs. Constrained surface samples with varied air-diffusion-channel designs were manufactured using the laser micromachining process presented in Sec. 2. Air-diffusion-channel with diameters of 0.4 mm, 0.5 mm, and 0.74 mm for both D 2T and D 3B were prepared on 4.5 mm thick acrylic substrates. Then, 2 mm thick PDMS films were coated on these laser machined substrates. To make comparisons [30, 31] , conventional constrained surfaces were also prepared by coating 2 mm thick PDMS layers on 4.5 mm acrylic substrates which had no microscale through-holes.
An optical power and energy meter, PM200 from Thorlabs, was used to measure the light energy passing through the prepared constrained surfaces with air-diffusion-channels and the conventional constrained surfaces without air-diffusion-channels. The measured light wavelength was set to be 405 nm [32] [33] [34] . A diaphragm was placed in the light path of the light projection unit. The size of the diaphragm's aperture regulated the amount of light that passed through a certain area of the constrained window. The aperture's diameter was adjusted to be $3 mm and the center of the diaphragm's aperture coincided with the axis of the air-diffusion-channel.
The measured optical power data were plotted in Fig. 5 . The first three subplots show the comparison between air-diffusionchannel designs 2 and 3 with varied diameters: D 2T ¼ D 3B ¼ 0.4 mm, 0.5 mm, and 0.74 mm, and D 2B ¼ D 3T ¼ 0.38 mm, 0.43 mm, and 0.64 mm, respectively. It can be seen that the measured power curves for these two designs are close to each other. In the fourth subplot, the measured optical power for constrained surface without air-diffusion-channel is the highest. The average optical power of design 2 and 3 decreases as the diameter of airdiffusion-channel increases from 0.4 mm to 0.74 mm. It is shown that smaller size of air-diffusion-channel tends to have higher transmission rate. The light transmission performance are close for structure designs 2 and 3, though design 3 slightly outperforms design 2 when D 3B is smaller than 0.5 mm.
To make a clearer comparison, the light passing through the conventional PDMS constrained window is assumed to have the full light power. The light transmission rate of our proposed constrained surfaces with micro-air channels were calculated by taking the ratio of the average of 100 sampling powers to the full light power. The results are shown in Table 1 . It can be seen that the light transmission rates for both designs differ very slightly (within 0.33%) and are sufficiently high (over 98%) for vat photopolymerization.
Light uniformity of the designed constrained surface is also significant to vat photopolymerization process. To investigate the effects of the air-diffusion-channel on the light uniformity, six locations were randomly selected on the six designed constrained surface with air-diffusion-channel, and the light intensities on these six locations were measured. The uniformity ratio E max /E min [35] , and the performance of illumination uniformity E min /E ave were then calculated [36] . E max , E min , and E ave denote the maximum, minimum, and average illuminance. The average uniformity ratio and illumination uniformity of six different locations for different air-diffusion-channel were plotted in Fig. 6 . The X-axis represents different constrained surface designs, from 0.4 mm design 3 (denoted as 0.4 D3 in the X-axis in Fig. 6 ) to 0.75 mm design 2 (denoted as 0.75 D2 in the X-axis in Fig. 6 ). As shown in Fig. 6 , the variation of the uniformity ratio of these six designs is within 0.08%, and the variation of the illumination is within 0.04%. It verified that the proposed air-diffusion-channel design has little influence on the light uniformity.
Effect of Air-Diffusion-Channel on Oxygen Inhibition
Oxygen inhibition has been proved useful in vat photopolymerization based 3D printing process. It is of great significance to maintain abundant oxygen adjacent to the constrained surface. Based on the previous research [37] , the permeability for a given gas in a given membrane is
where P is the permeability for a given gas in a given membrane, v is the volume of gas which penetrates through the membrane, d is the thickness of membrane, A is the area of membrane, t is time, p 1 is the partial pressure of the gas on the higher pressure side of the membrane, and p 0 is the partial pressure of the gas on the lower pressure side of the membrane. Therefore, with the conventional constrained surface, the volume of oxygen penetrated the PDMS film can be obtained by
With the constrained surface developed in this paper, the volume of the penetrated oxygen v 0 can be calculated by adding up the volumes of oxygen permeated through the nonporous region and the air-diffusion-channel region
where P n is the permeability of the nonporous region which is composed of acrylic substrate and PDMS film; A n is the area of the nonporous region which is composed of acrylic substrate and PDMS film; P m and A m are the permeability and area of the airdiffusion-channel region which is composed of PDMS film only; the sum of A n and A m is the area of the constrained surface A; v 1 ¼ P n A n tDp=drepresents the volume of oxygen penetrating through nonporous region, and v 2 ¼ P m A m tDp=drepresents the volume of oxygen penetrating through the air-diffusion-channel region. Note that the permeability of polymer to oxygen P n at 25 C is about 0.5 Â10 8 cm 2 =ðsatmÞ, while for PDMS, the permeability P m is about three orders of magnitude higher than that of the acrylic [38] [39] [40] . 2 Hence, it can be derived that
The oxygen permeation volume of the newly developed constrained surface is much higher than that of the conventional constrained surface. By rewriting Eq. (8) with the surface area ratio Transactions of the ASME of the air-diffusion-channel r and the oxygen layer thickness h 0 , we can get
It indicates that the oxygen inhibition layer thickness is approximately linear with the surface area ratio of the air-diffusionchannel r, or the square of the air-diffusion-channel bottom opening diameter D. To validate this relationship between the oxygen inhibition layer thickness and the air-diffusion-channel design, experiments have been performed. A differential thickness technique was used to measure the oxygen inhibition layer thickness. As illustrated in Fig. 7 , in the measurement setup, the liquid photopolymer is sandwiched between the PDMS constrained surface and an impermeable glass with two 500 lm thick brass shims supporting them. To make a comparison between the oxygen inhibition layer thickness of PDMS with and without air-diffusion-channel, different constrained surface samples were prepared and measured. The UV light projecting unit of the SL setup projects a light beam and focuses the light beam on the liquid resin surface near to the PDMS film. The projection time was set at 15 s. Arrays of cylinders of 5 mm diameters were cured. A digital micrometer from Sarrett was used to measure the cured cylinder thickness. The accuracy of the micrometer is 2 lm.
The oxygen inhibition layer thicknesses for micro-air channel designs with bottom opening diameters varied from 0 to 0.8 were measured and plotted in Fig. 8 . With a 0 mm air channel diameter, the constrained surface is a conventional design, which has no micro-air channels. The circle in the center of each error bar represents the average value of the measured inhibition layer thickness, which is 18.5 lm, 26.7 lm, 46 lm, 61.5 lm, and 90.0 lm for micro-air channels with diameter D 3B ¼ 0 mm, 0.2 mm, 0.4 mm, 0.5 mm, and 0.74 mm, respectively. The blue dots are measured results for varied air-diffusion-channel diameters. The red dashed curve is an approximation line by using the fitted Fig. 7 Schematic of oxygen inhibition layer thickness measurement procedure Table 1 Light transmission rate measurement results 6 Experiments and Discussions 6.1 A Bottom-Up Projection Stereolithography Testbed for Constrained Surface Vat Photopolymerization. In Sec. 4, it was found that the structure 2 and structure 3 designs give very similar light transmission performance. However, according to the results in Sec. 5, structure 3 has a better adhesion between the PDMS coating and the porous acrylic substrate and thus providing a mechanically stronger constrained surface. In addition, with a larger air channel diameter, the light transmission rate is decreasing slightly, and the oxygen inhibition layer thickness increases approximately linearly.
For structure 3 design, with a 0.24 mm air channel diameter, the study performed in Sec. 5 found that a $30 lm thick oxygen inhibition layer could be formed during the printing process. Therefore, in this study, we constructed a bottom-up projection SL testbed, with a newly constrained surface, which has PDMS coated on an acrylic substrate with a structure 3 design airdiffusion-channel, which has D 3B ¼ 0.24 mm, D 3T ¼ 0.16 mm. Layer-by-layer 3D printing for production of a solid structure has been performed, with the newly developed air-diffusion-channelbased constrained surface and the conventional constrained surface in the same setup. A schematic of the bottom-up projection SL testbed and the prototype hardware setup are shown in Fig. 9 .
Layer-by-Layer Printing of Objects With Wide Solid
Cross Sections. A 90 mm diameter cylinder model was tested to validate the effectiveness of the newly developed air-diffusionchannel-based constrained surface in the bottom-up projection SL system. The model was printed with the newly developed airdiffusion-channel constrained surface and the conventional constrained surface in the same setup. The separation forces during both printing processes were recorded and plotted in Fig. 10 .
The red dotted curve is the recorded separation force during the printing process using the conventional constrained surface, which is a PDMS film without air channels. The blue dotted curve is the recorded separation force during the printing process using the newly developed constrained surface, which is a PDMS film with design 3 air-diffusion-channel. The separation force model developed in our previous work [20] has also been used to calculate the theoretical peak separation forces using the two constrained surfaces. The red and blue dashed lines represent the calculated theoretical peak separation forces.
As shown in Fig. 10 , the first peak of both separation force curves happened at the moment of separating the first layer, which was cured by a longer exposure time than the curing time of following layers and hence had a relatively larger separation force. It can be seen that the red separation force curve stopped after two cycles with conventional constrained window. It is because that the printing process with the conventional constrained surface failed after two layers due to the excessive separation force. However, with the newly designed air-diffusion-channel-based constrained surface, it can be seen that the blue separation force curve Fig. 9 Schematic of the bottom-up projection SL testbed (left) and a prototype setup (right) Fig. 10 Separation force for manufacturing a 90 mm diameter using two constrained surfaces Fig. 8 Results for oxygen inhibition layer thickness measurement dropped from the initial 100 N peak to 50 N peak in the second cycle and became stable in the following cycles. In addition, in the first cycle of the blue separation curve, its peak is half of the peak of the red curve. Pictures of the part which was failed at the second layer in the process using conventional constrained window and the part successfully printed by the newly designed constrained window are also shown in Fig. 11 .
The measured separation forces and the solid object printing results shown in Figs. 10 and 11 verified that the micro-air channel design has a much higher and stable oxygen permeation and hence performs much better in production of solid objects with wide cross sections.
6.3 Surface Roughness of the Fabricated Samples. The surface quality of the printed parts was observed and characterized using a 3D optical microscope from BRUKER (Billerica, MA). Regularly distributed dents were identified on the top surface of the part. A surface roughness measurement result of a dent region is shown in Fig. 12 . It is found that the depth of the dents are $150 lm.
One possible cause of the dents on printed surface is that the PDMS near the air-diffusion-channel region deforms during the separation process, which then damages the related regions of the printed surface. To test this hypothesis, a simulation study was carried out using ANSYS WORKBENCH. In the simulation, a 13 mm diameter plate is modeled as PDMS. Fixed constraints are applied on the bottom surface of the PDMS plate except for the regions abut the air-diffusion-channel, and the side wall of the PDMS plate. A 7864 Pa pressure along the exterior normal of the PDMS top surface is applied. Simulation result is shown in Fig. 13 . It shows that in order to obtain dents of $150 lm depth, at least a $178 N separation force is needed for each layer, and the diameter of the air-diffusion-channel should be bigger than 0.8 mm, which does not agree with the experimental settings, as the measured separation force for each layer was less than 80 N and the diameter of air-diffusion-channel used in the setup was only 0.25 mm.
Another possible cause of the dents is that the constrained surface is not perfectly perpendicular to the projected light, which causes the deflection of the light when passing through the airdiffusion-channel. For better observation, the constrained surface with air-diffusion-channel is tilted by $5 deg manually, and the light projection was observed. Little dots can be observed clearly around the air-diffusion-channel in the projection area, as shown in Fig. 14 . Such shadowed image due to the alignment error of the constrained surface may cause the dents on the printed surfaces.
To address this dent printing problem, a careful leveling was done, to ensure that the constrained surface is well aligned with the projection focus plane. Then, a new part was printed using the same computer-aided design model, in the adjusted setup with the same process setting and the same newly designed constrained surface as used for the previous prints. A comparison of the two parts built before and after the constrained surface alignment adjustment is shown in Fig. 15 . No more dents were observed in the newly printed part. Before adjustment, the measured roughness parameters are Ra ¼ 56.167 lm and Rq ¼ 68.83 lm, while a 0.49 lm Ra and a 0.673 lm Rq were observed after the adjustment. It indicated that leveling of the constrained surface is critical for ensuring the projection light uniformity and hence the printing quality.
Conclusions
This paper presented a constrained surface design with airdiffusion-channel, for constrained surface-based vat photopolymerization processes. Two different air-diffusion-channel designs have been investigated, and effects of the air-diffusion-channel design parameters on constrained surface properties and Fig. 11 Pictures of printed parts: (left) part failed at second layer using the conventional constrained surface; (right) part successfully printed with a thickness of 1.5 mm and a diameter of 90 mm using the newly developed air-diffusion-channelbased constrained surface performances have been studied. It is found that the bonding strength between the PDMS coating and air-channel-incorporated substrate is stronger than that of the conventional PDMS-coated windows. Besides, very slight optical power decrease was observed in the proposed air-channel-based constrained surface. The principle of how the oxygen inhibition effect is enhanced by the proposed approach is analyzed and experimentally studied. It is found that the oxygen inhibition layer thickness increases approximately linearly with the air-channel area, and a 0.2 mm diameter air-channel design can form a $30 lm oxygen inhibition layer thickness, which is superior than the existing constrained surfaces. Experiments have been carried out to verify the effectiveness of the designed constrained surface in 3D printing. A solid cylinder with a 90 mm diameter is successfully built with our newly designed constrained surface. The effectiveness of the proposed method in printing wide solid cross section parts has been verified. Transactions of the ASME
